This paper proposes a detailed analysis of the incomplete coupling effect in omnidirectional wireless power transfer systems and a compensation method aiming to improve the transmission performance. Recently, omnidirectional wireless charging technologies have been gradually explored and studied. These charging technologies can transmit power to arbitrary directions in three-dimensional space. However, there are still specific regions where the transmitted power capability dramatically drops to an extremely low level due to the incomplete coupling effect. Accordingly, this paper provides a theoretical analysis and compensation of such an effect. The compensation effectiveness is validated by both a simulation and a 7 W experimental prototype. After the compensation, the transmitted power can be improved by 61% to drive the load in a full range of the space.
Introduction
Wireless power transfer (WPT) technologies have the capability to transmit power cordlessly, and have attracted more and more attention recently [1] . Compared with the conventional plug-in charging manner, wireless charging can avoid troubles caused by messy wires and aging cables, thus providing with a safer energization environment for various utilizations. Besides, without a direct physical connection between the supplement and the electrical devices, WPT systems can also improve the charging flexibility and convenience, which shows great potential for use in different application fields. For low power demands, WPT technologies can supply the energy required for implanted medical equipment [2] , portable consumer devices [3] , and sensors [4] , etc. On the other hand, this technique can also achieve high-power transmission, such that it has been gradually utilized for the charging of electric vehicles (EVs) [5, 6] , drones [7] , and electric motors [8, 9] .
With increasing demand, WPT techniques can not only be utilized for static charging but also to deliver power to mobile objectives. Accordingly, this emerging technology is considered a competitive solution for charging battery-powered appliances, where it is able to eliminate the limitations caused by current unsatisfactory battery performance. Dynamic wireless charging has been gradually studied and utilized in many fields, especially for EVs and electronic equipment, which can effectively extend the operation time and expand the application range [10] . For park-and-charge scenarios, the positional requirement for charging is extremely strict, such that strong coupling between the transmitter and receiver can be realized, as well as provide the best transmission performance. Equally, for move-and-charge scenarios, the coupling strength should be maintained in order to achieve a stable power transmission. For this purpose, many efforts have been carried out for dynamic wireless charging, such as the double D-quadrature (DDQ) coil design [11] , topology-reconfigurable capacitor matrices [12] , and homogeneous WPT techniques [13] etc., which significantly promote the development of dynamic wireless power transfer systems. However, such technologies can only stabilize the coupling effect in one-dimensional (1-D) space, and thus the system performance tends to deteriorate in the case of electric-driven devices, which exist in in three-dimensional (3-D) space and move in multiple directions.
For realizing power transmission in multiple directions, the omnidirectional WPT system has been part of several in-depth studies, since it is able to transfer power to arbitrary spatial directions. In order to generate the electromagnetic field which can be pointed to multiple directions for transmission, a rotary transmitting coil design was proposed for household appliances [14] . The design can enable energy to be transmitted to all directions in two-dimensional (2-D) space without adding extra coils. However, it is difficult to expand such a scheme for 3-D spatial transmission. In addition, a brand-new cubic topology for the transmitter was designed and implemented in [15] , which still used only one single source for power input. It has been verified that said transmitter has the ability to transmit power to a load located at arbitrary positions, while the optimal energy distribution strategy for such a scheme still remains to be discussed and solved. For wide popularization, a compact transmitter structure using orthogonal coils is preferred [16, 17] , as it can achieve both 2-D and 3-D omnidirectional wireless power transfer. Besides, basic control principles for such a topology have also been presented and verified for further research, namely non-identical current control, including current amplitude and phase control methods, which can make the generated electromagnetic field point to arbitrary directions [18] . In [19, 20] , a transmitter composed of two orthogonal coils was successfully driven to produce a rotatable electromagnetic field by utilizing current amplitude modulation. Additionally, when the input of the transmitting coils were given by sources with a current phase difference of 90 • , it was verified that the power also could be transmitted to a mobile receiver in 2-D space [21] . Furthermore, the amplitude control method can be applied to focus the generated electromagnetic field in a specific spatial direction, thus realizing a 3-D omnidirectional wireless charging system, where the transmitter consists of three orthogonal coils [22] . On the basis of a 3-D coordinate, the system performance analysis was analyzed and validated by both simulated and experimental results in [23] . With the merits of flexibility and convenience, such a scheme has been widely accepted for omnidirectional WPT systems. Additionally, in order to realize a wide-range wireless power transfer, a modularized WPT system using direct-quadrature transmitting coils [24] and a coreless transmitter with a conductive magnetic shield [25] were proposed, respectively. Both can generate uniform magnetic fields in a large zone and realize the free-positioning of receivers. To achieve a six degrees of freedom wireless power transfer, a ubiquitous wireless power environment was also studied, which can charge multiple receiver coils freely, suitable for practical applications concerning the internet of things [26] .
However, there is still a non-ignorable technical issue for 3-D omnidirectional WPT systems which use the orthogonal transmitter, namely the valley of power transfer capability due to the incomplete coupling effect. Regarding electric-driven appliances, the maximum charging power can dramatically drop to a low level in such specific regions, which inevitably deteriorates the charging performance and user experiences. Accordingly, the full coverage of charging capability is one of the most important research objectives for omnidirectional WPT systems that use orthogonal transmitters. This research has been nearly unexplored in previous studies. In order to address the issues above, this paper proposes a detailed analysis of the incomplete coupling effect, as well as its compensation. The proposed solution can enhance the transmitted power by compensating the coupling effect between the transmitting and the receiver coils, aiming to remove the incomplete coupling effect and improve the performance of omnidirectional WPT systems.
The rest of this paper is given as follows: The detailed theoretical analysis and compensation of the incomplete coupling effect for omnidirectional WPT systems are both proposed in Section 2. Section 3 provides the simulated and measured results to validate the feasibility of the compensation, especially for incompletely coupled positions. Finally, the conclusion is summarized in Section 4. Figure 1 depicts a typical omnidirectional WPT system, which has a transmitter with three orthogonal coils and a circular receiver. The transmitted power significantly depends on the mutual inductance between the transmitting and receiver coils. As depicted in Figure 2 , it shows two spatial coils with lateral and angular misalignments. Here, we denote the magnetic permeability of vacuum as µ 0 , the turns of coils as N p and N s , the radii of the coils as r p and r s , the transmission distance as d, and the lateral and angular misalignment as s and α, respectively, where the subscript characters p and s represent the primary and secondary coils. Then, the general mutual inductance of two coils can be given by the following equation [27] :
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where U 1 , U 2 , and U 3 are the output voltages of three power sources, and
Accordingly, the current of the secondary side can be obtained as:
The amplitude of I s is given by:
Then, the load power can be obtained as:
This shows that the key parameters determining the load power are M 1 , M 2, and M 3 if the three current sources output the maximum amplitude. For the conventional omnidirectional WPT system, considering the structure of the conventional receiver, the load power can be considered as a special case when M 15 = M 16 = M 25 = M 26 = M 35 = M 36 = 0, which is given by: Figure 5 depicts three typical spatial positions in an omnidirectional WPT system. The plane of the receiver always faces towards the center of the transmitter at such positions. At Position 1, the receiver is perpendicular to two transmitting coils, whose centers are located along the y'-axis. For Position 2, the center of the receiving coil is located in the x'-y' plane, and accordingly the receiver is perpendicular to only one transmitting coil. Moving to Position 3, which is the most common condition, the center of the receiver is located in the octant instead of the y'-z' plane. The incomplete coupling effect exists at Positions 1 and 2, due to the perpendicular relationship between the transmitter and receiver. At Position 1, the traditional receiver coil is perpendicular to two transmitting coils, for instance, which causes the values of the mutual inductance M 24 and M 34 to inevitably drop to zero. Due to the disappearance of the corresponding coupling effect (the incomplete coupling effect), Energies 2019, 12, 3277 6 of 16 the sources I 2 and I 3 cannot make contributions to transmit the power according to Equation (12), thus significantly deteriorating the transmission performance, especially for the load power. For such a condition in the conventional omnidirectional WPT system, the only way to improve the load power is to increase the effective source input, namely source I 1 , while the input is always limited by the tolerance of the transmitting coils, which cannot be increased infinitely in practical applications. Accordingly, the transmitted power at Position 1 becomes much lower than that of the other spatial positions, which results in the valley of power transfer capability in the system, such that the receiver cannot obtain enough power for charging, and thus the system cannot realize a full-coverage of power transmission. As a comparison, when the orthogonal receiver is applied at Position 1 in the system, due to the coupling compensation by Coil 5 and Coil 6, M 25 and M 36 are prevented from dropping to a low level, even though M 24 and M 34 still decrease to zero. According to Equation (11), M 1 , M 2 , and M 3 are maintained, such that all three sources are able to transfer the power. Therefore, the orthogonal receiver has the capability to compensate the coupling effect and enhance the power transmission of the system. Similarly, at Position 2, M 34 tends to decrease to zero when the conventional receiver is only perpendicular to transmitting Coil 3, and therefore it leads to the incomplete coupling effect. According to Equation (12), the system source I 3 is not useful for the power transfer, which can also deteriorate the corresponding transmission performance. Due to the limitation of the input, the two effective sources cannot be improved to be as large as what is needed, which also tends to deteriorate the transmission performance. Therefore, at such a position, the maximum power transfer capability also has a dramatic drop due to the incomplete coupling effect, which is harmful to the power transmission. By replacing it with the compensation receiver, M 36 will not decrease to zero, such that M 3 can be maintained by Coil 6. Accordingly, it can compensate the coupling effect and improve the performance of the system. Similarly, at Position 2, M34 tends to decrease to zero when the conventional receiver is only perpendicular to transmitting Coil 3, and therefore it leads to the incomplete coupling effect. According to Equation (12), the system source I3 is not useful for the power transfer, which can also deteriorate the corresponding transmission performance. Due to the limitation of the input, the two effective sources cannot be improved to be as large as what is needed, which also tends to deteriorate the transmission performance. Therefore, at such a position, the maximum power Therefore, the incomplete coupling effect existing in conventional omnidirectional WPT systems has a negative effect on power transmission. By comparing the performance difference between the two types of receiver, the compensation receiver has the ability to maintain the coupling effect between the receiver coils and each transmitting coil and improve the transmitted power. Theoretically, it shows great potential to improve the maximum charging power and ensure transmission performance at arbitrary positions in 3-D space, which can effectively address the aforementioned technical issues and ensure the full coverage of omnidirectional wireless power transfer.
Results
In this section, the simulation and experimental results are both given to demonstrate the deterioration resulting from the incomplete coupling effect and the feasibility of the compensation. As shown in Figure 5 , there are three typical positions for omnidirectional WPT systems, which were adopted for testing in the validation. Among them, Positions 1 and 2 were the incomplete coupling positions, since there exists a perpendicular relationship between the traditional receiver coil and one or two transmitter coils. The operational frequency and transmission distance were set as 100 kHz and 200 mm, respectively.
Simulated Results
A finite element analysis (FEA) electromagnetic software named JMAG (14.0, JSOL Corporation, Tokyo, Japan) was utilized for the simulation. The three transmitting coils were fed with 3 A. Figure 6 depicts the vector plots in PC40 at each testing spatial position, which intuitively shows the distribution of the magnetic flux passing through the two crossed coils of the compensation receiver. As shown in Figure 6a , the magnetic flux goes through both the two crossed coils, and the whole magnetic flux density raises to 0.04 T when the receiver is utilized for compensation at Position 1. This means that after compensation the flux can be effectively gathered and flows through the two crossed coils, such that the induced voltage can be generated in the corresponding coils. Therefore, the coupling effect of the system can be greatly enhanced as well as the transmitted power. When using it at Position 2, the magnetic flux density in PC40 becomes slightly weakened compared with that at Position 1, while the maximum is still up to 0.04 T. As shown in Figure 6b , the magnetic flux mainly flows through Coil 6, such that voltage can be induced in the coil. Accordingly, the incomplete coupling effect can be compensated, and the transmission performance can also be improved. However, the distribution is much less in the core when the receiver moves to Position 3, as shown in Figure 6c , since the magnetic field vector generated by the transmitting unit points to the receiver unit nearly perpendicularly. In such a case, most of the magnetic flux passes through Coil 4, which is quite similar to the condition before for compensation. Additionally, Figure 7 shows the 3-D distribution of the magnetic flux density on the horizontal plane where the receiver is located. At Position 1, the peak value of the magnetic flux density is 1.9 mT before compensation, which is much lower than the 5.5 mT value when using the proposed scheme. This means that the coupling effect becomes stronger and more power can be transmitted to the receiver after compensation. Moving to Position 2 for further comparison, the maximum magnetic flux density raises up to 3.9 mT and 4.0 mT before and after compensation, respectively. Besides, after compensation, the magnetic flux around the two central coils also is enhanced such that the transmission performance tends to be better than that when using the traditional receiver. In addition, the peak values are both increased for the two conditions at Position 3, namely 5.5 mT and 5.7 mT. Additionally, Figure 7 shows the 3-D distribution of the magnetic flux density on the horizontal plane where the receiver is located. At Position 1, the peak value of the magnetic flux density is 1.9 mT before compensation, which is much lower than the 5.5 mT value when using the proposed scheme. This means that the coupling effect becomes stronger and more power can be transmitted to the receiver after compensation. Moving to Position 2 for further comparison, the maximum magnetic flux density raises up to 3.9 mT and 4.0 mT before and after compensation, respectively. Besides, after compensation, the magnetic flux around the two central coils also is enhanced such that the transmission performance tends to be better than that when using the traditional receiver. In addition, the peak values are both increased for the two conditions at Position 3, namely 5.5 mT and 5.7 mT. Figure 8 depicts the contour plot that illustrates the strength of the induced magnetic field of the two types of receiver, which intuitively reveals the influence of the receivers on the magnetic flux density. By successively moving the receiver at Positions 1, 2, and 3, the compensation scheme can effectively enhance the induced magnetic field, but the corresponding peak value area transits from the inner coils (Coil 5 and Coil 6) to the outer coil (Coil 4). At Position 1, as shown in Figure 8a , due to the gathering of the magnetic flux caused by PC40, the magnetic flux density is greatly strengthened around the two crossed coils and thus the coupling effect between the transmitter and receiver is enhanced. As shown in Figure 8b , moving to Position 2, the magnetic flux density around the central area still can obviously be improved when compared with the conventional scheme, while the magnetic field around the outer coil shows little difference between the two schemes. Therefore, a better performance can be obtained by utilizing the compensation receiver. For Position 3, the magnetic flux density after compensation is slightly stronger than that before compensation, which has little difference. The results reveal that the compensation method shows important meaning, especially at incompletely coupled positions, namely Positions 1 and 2. Based on the above results, it can be illustrated that the receiver for compensation is capable of enhancing the magnetic field flux density in the space where the receiver is located, thus successfully eliminating the incomplete coupling effect where the receiver cannot acquire the power from omnidirectional WPT systems. Figure 8 depicts the contour plot that illustrates the strength of the induced magnetic field of the two types of receiver, which intuitively reveals the influence of the receivers on the magnetic flux density. By successively moving the receiver at Positions 1, 2, and 3, the compensation scheme can effectively enhance the induced magnetic field, but the corresponding peak value area transits from the inner coils (Coil 5 and Coil 6) to the outer coil (Coil 4). At Position 1, as shown in Figure 8a , due to the gathering of the magnetic flux caused by PC40, the magnetic flux density is greatly strengthened around the two crossed coils and thus the coupling effect between the transmitter and receiver is enhanced. As shown in Figure 8b , moving to Position 2, the magnetic flux density around the central area still can obviously be improved when compared with the conventional scheme, while the magnetic field around the outer coil shows little difference between the two schemes. which has little difference. The results reveal that the compensation method shows important meaning, especially at incompletely coupled positions, namely Positions 1 and 2. Based on the above results, it can be illustrated that the receiver for compensation is capable of enhancing the magnetic field flux density in the space where the receiver is located, thus successfully eliminating the incomplete coupling effect where the receiver cannot acquire the power from omnidirectional WPT systems. Furthermore, in order to further study the enhancement of the compensation, the comparative results of transmitted power are also given in Figure 9 . Here, it is shown that after compensation the WPT system can increase the transmitted power at the three testing positions. In particular, the difference between the two conditions shrinks when the receiver moves from Positions 1 and 2 to a commonly-used area, like Position 3, which illustrates that the compensation method can eliminate the incomplete coupling effect of transmitted power for omnidirectional WPT systems. Besides, it also confirms that the system can enhance the maximum charging power in various spatial regions with the compensation, which agrees with the aforementioned theoretical analysis.
WPT system can increase the transmitted power at the three testing positions. In particular, the difference between the two conditions shrinks when the receiver moves from Positions 1 and 2 to a commonly-used area, like Position 3, which illustrates that the compensation method can eliminate the incomplete coupling effect of transmitted power for omnidirectional WPT systems. Besides, it also confirms that the system can enhance the maximum charging power in various spatial regions with the compensation, which agrees with the aforementioned theoretical analysis. 
Measured Results
An experimental prototype was also fabricated to verify the effectiveness of the omnidirectional WPT system after compensation by comparison with the conventional scheme without compensation. The prototype mainly consists of the compensation capacitors, a DC/AC inverter, an orthogonal transmitter, and the receiver for compensation, as shown in Figure 10 . All waveforms were measured by utilizing an oscilloscope (Tektronix MDO3024, Tektronix, Shanghai, China). The control scheme was programmed a DSP28335 platform. The three transmitting coils had the same size and were 200 mm diameter. Each transmitting coil has 15-turn windings, whose measured inductance and internal resistances were 101 μH and 0.1 Ω, respectively. The applied receiver for coupling compensation has a 150 mm diameter with an inductance value of 395 μH. Besides, the windings of Coil 4, Coil 5, and Coil 6 were 15, 27, and 27 turns, respectively. The compensation capacitor for each coil was connected in series in the circuit. 
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An experimental prototype was also fabricated to verify the effectiveness of the omnidirectional WPT system after compensation by comparison with the conventional scheme without compensation. The prototype mainly consists of the compensation capacitors, a DC/AC inverter, an orthogonal transmitter, and the receiver for compensation, as shown in Figure 10 . All waveforms were measured by utilizing an oscilloscope (Tektronix MDO3024, Tektronix, Shanghai, China). The control scheme was programmed a DSP28335 platform. The three transmitting coils had the same size and were 200 mm diameter. Each transmitting coil has 15-turn windings, whose measured inductance and internal resistances were 101 μH and 0.1 Ω, respectively. The applied receiver for coupling compensation has a 150 mm diameter with an inductance value of 395 μH. Besides, the windings of Coil 4, Coil 5, and Coil 6 were 15, 27, and 27 turns, respectively. The compensation capacitor for each coil was connected in series in the circuit. In the experimental verification, a 7 W bulb was used as the load. The corresponding brightness and voltage waveforms can visually demonstrate the effectiveness of the compensation scheme. In the measured waveforms, channels 1, 2, 3, and 4 were used to display the load voltage (U R ) and the transmitting coils (U L1 , U L2 and U L3 ), respectively. Figures 11-13 shows the experimental results at the three test positions, with and without compensation, respectively. When utilizing the conventional receiver at Positions 1 and 2, Figures 11a and 12a show that the root-mean-square (RMS) value of V R was 2.8 V and 4.6 V. Accordingly, the transmitted power dropped to a low level due to the incomplete coupling effect, such that the transmitted power could not light up the bulb. As shown in Figures 11b and 12b , after compensation, V R increases to 6.7 V and 7.4 V, respectively, thus successfully lighting up the bulb. Besides, under the complete coupling condition, namely Position 3, the proposed receiver can induce a voltage of 11.3 V for V R , while the conventional receiver only has 7.8 V. As shown in Figure 13 , the brightness of the bulb can be effectively enhanced by using the compensation, accordingly. In addition, Figure 14 depicts the measured results for comparison. The grey line is the threshold voltage of the bulb. When the induced voltage was lower than the threshold, the bulb could not be lightened, and as long as the induced voltage was larger than the threshold, the bulb could be driven to be bright. From Figure 14 , it can be seen that at Positions 1 and 2, the conventional system is unable to transfer enough power to devices in some spatial ranges due to the incomplete coupling effect. Besides, the proposed scheme can effectively enhance the power transfer capability, even at the worst condition, namely Position 1, which can ensure a full-range of power transmission, showing great potential for practical utilizations. Thus, this verifies the improvement of the compensation scheme for the transmitted power, especially for incompletely coupled positions, such as Positions 1 and 2, which is in accordance with the theoretical analysis. and voltage waveforms can visually demonstrate the effectiveness of the compensation scheme. In the measured waveforms, channels 1, 2, 3, and 4 were used to display the load voltage (UR) and the transmitting coils (UL1, UL2 and UL3), respectively. Figures 11-13 shows the experimental results at the three test positions, with and without compensation, respectively. When utilizing the conventional receiver at Positions 1 and 2, Figure 11a and Figure 12a show that the root-mean-square (RMS) value of VR was 2.8 V and 4.6 V. Accordingly, the transmitted power dropped to a low level due to the incomplete coupling effect, such that the transmitted power could not light up the bulb. As shown in Figure 11b and Figure 12b , after compensation, VR increases to 6.7 V and 7.4 V, respectively, thus successfully lighting up the bulb. Besides, under the complete coupling condition, namely Position 3, the proposed receiver can induce a voltage of 11.3 V for VR, while the conventional receiver only has 7.8 V. As shown in Figure  13 , the brightness of the bulb can be effectively enhanced by using the compensation, accordingly. In addition, Figure 14 depicts the measured results for comparison. The grey line is the threshold voltage of the bulb. When the induced voltage was lower than the threshold, the bulb could not be lightened, and as long as the induced voltage was larger than the threshold, the bulb could be driven to be bright. From Figure 14 , it can be seen that at Positions 1 and 2, the conventional system is unable to transfer enough power to devices in some spatial ranges due to the incomplete coupling effect. Besides, the proposed scheme can effectively enhance the power transfer capability, even at the worst condition, namely Position 1, which can ensure a full-range of power transmission, showing great potential for practical utilizations. Thus, this verifies the improvement of the compensation scheme for the transmitted power, especially for incompletely coupled positions, such as Positions 1 and 2, which is in accordance with the theoretical analysis. 
Conclusions
This paper has proposed a detailed analysis of the incomplete coupling effect and a compensation scheme for omnidirectional WPT systems. From the simulated and experimental results, the ability of enhancing the maximum transmitted power at incompletely coupled spatial regions has been verified while ensuring transmission performance. The obtained power can be improved by 61% to lighten a 7 W bulb after the compensation for incomplete coupling effect. By comparison with conventional omnidirectional WPT systems, the results have demonstrated that the compensation method can significantly enhance the power transmission and remove the incomplete coupling effect. Thus, ensuring the full coverage of charging capability can be achieved for omnidirectional WPT systems, which shows prospective value for various applications. 
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